The enzymatic esterase activity of carboxylesterases is integral to the nasal toxicity of many esters used as industrial solvents or in polymer manufacture, including propylene glycol monomethyl ether acetate, dimethyl glutarate, dimethyl succinate, dimethyl adipate, and ethyl acrylate. Inhalation of these chemicals specifically damages the olfactory mucosa of rodents. We report the localization and differential distribution of a 59 w carboxylesterase in nasal tissues of the rat by immunohistochemistry. Rabbit antiserum against the 59 KD rat liver microsomal carboxylesterase bound most prominently to the olfactory mucosa when applied to decalcified, paraffin-embedded sections of rat nasal turbinates. Within the olfactory mucosa, anti-carboxylesterase did not bind to sensory neurons, the target cell for ester-initiated toxicity; these cells apparently lack carboxylesterase. Instead,
Introduction
Localization of the enzymatic constituents of tissues has proven to be a method of great utility in the study of mechanisms of chemically induced pathology. This is attributable to the fact that many toxicants cause local effects only after activation by intracellular metabolism. Much of the seminal work identlfying the distribution of toxicant-metabolizing enzymes and linking enzyme distribution to site-specific toxic injury was performed in easily accessible organs known to have high rates of xenobiotic metabolism, such as liver (reviewed in 1). However, as emphasis has been placed on development of rodent paradigms mimicking human exposure to environmental and workplace toxicants, it has become apparent that tissues of the upper respiratory tract are the first point of contact for many toxicants and frequently are primary targets for the acute and chronic effects of these the antibody was preferentially bound by ells of Bowman's glands and sustentacular epithelial cells which are immediately adjacent to the olfactory nerve cells. In contrast, nonolfactory tissues (respiratory mucosa and squamous epithelium), which are more resistant to the toxicity of esters, had less carboxylesterase content. The distribution of immunoreactivity correlated well with the distribution of carboxylesterase catalytic activity described elsewhere. These findings help to link the metabolic fate of inhaled esters to the site-specific pathological findings that follow exposure to such chemicals. (J Histochem Cytochem 41:307-311,
1993)
KEY WORDS: Carboxylesterase; Immunohistochemistry; Rat; Nasal mucosa. chemicals that act on the nasal mucosa after inhalation include esters such as propylene glycol monomethyl ether acetate, ethyl acrylate, and the dibasic esters (dimethyl glutarate, dimethyl succinate, dimethyl adipate) (8,9.16) . Furthermore, even when exposure occurs by a route other than inhalation, the epithelium of the upper respiratory tract is adversely affected by some chemicals. Oral administration of phenacetin, for example, causes nasal tissue toxicity (2). Therefore, efforts have been made to understand the distribution of the enzymatic constituents of the nasal mucosa involved in xenobiotic metabolism, particularly that of chemicals containing ester bonds.
Initially the cellular distribution of nasal mucosal carboxylesterase (EC 3.1.1.1) was defiied histochemically by conversion of a-naphthyl butyrate (3), while important kinetic data on activity of this enzyme were supplied by assessment of the hydrolysis ofp-nitrophenyl butyrate and other esters by nasal mucosal homogenates (3,4, 6J5.16) . Although histochemical methods have been integral in localizing nasal carboxylesterase and developing an understanding of the mechanism of toxicity of a variety of widely used esters (3, 4, 8, 9, 15, 16) , they can not adequately address the possible presence of multiple closely related esterases in a given tissue (7, 13) .
In this regard we have developed a general method for immunohistochemical localization of carboxylesterases and have assessed the distribution of one form, a 59 KD microsomal carboxylesterase, in nasal tissues of the rat.
Materials and Methods
Materials. All chemicals were obtained from Sigma Chemical Co. (St Louis, MO) unless an alternate supplier is identified. The primary immunologic reagent used in this study was rabbit antiserum raised against a 59 KD rat liver microsomal carboxylesterase as described previously (14) .
Preparation of Nasal Tissue Sections. A male Fischer-344 rat (c. 350 g body weight) [CDF(F-344)Crl BR, VAFIPlus; Charles River Laboratories, Kingston, NY] was euthanized with an IP injection of pentobarbital. The rat was decapitated, the mandible was removed, skin and excess tissue were removed from the skull, and the nasal turbinates were gently flushed with 10% neutral buffered formalin (NBF) via the pharyngeal opening. Further fixation was accomplished by overnight immersion in 10% NBF. The skull was then suspended for 48 hr in a mixture of 5 % formic acid (800 ml) and Amberlite 200 resin (100 g) which was stirred continuously ( 5 ) . After 48 hr the skull was cut into coronal sections according to the method of Young (18) . These sections were returned to the formic acid-cation exchange resin mixture for an additional 24 hr to complete decalcification. Decalcified skull sections were briefly rinsed in running tapwater and transferred to 70% ethanol to begin routine paraffin processing. Five-pm sections were cut and floated onto SuperFrost Plus (Fisher Scientific; Detroit, MI) slides. Slides were dried in a 56'C oven for 30 min.
Immunohistochemistry. Slides with sections obtained from the desired regions of the nasal cavity were deparaffinized and stained for 1 min with filtered Mayer's hematoxylin solution, followed by washing with 50 mM Tris-HCI containing 150 mM sodium chloride, pH 7.6 (TBS). Blocking of nonspecific antibody binding was accomplished by covering the tissue sections with 5% fetal calf serum (FCS) in TBS for 15 min at room temperature. After thorough washing with TBS, the nasal turbinate sections were incubated for 2 hr with a 1:lOOO dilution of rabbit anti-59 KD rat liver carboxylesterase serum in TBS with 2% FCS (TBS-FCS). The sections were then washed in TBS and incubated for 1 hr with alkaline phosphataseconjugated goat anti-rabbit IgG (Life Technologies; Bethesda, MD) diluted 1:100 in 2% TBS-FCS. Primary antibody binding was visualized by 20-min exposure of the tissue sections to a commercially obtained chromogen (ASL4P; BIOEAN Scientific, distributed by Accurate Chemical and Scientific Corp, Westbury, NY). After 
Results
Cells of both the respiratory and olfactory mucosae (RES, OLF, respectively) (Figure 1 ). and the squamous epithelium of the ventral meatus (SQ) (Figure 1 ). reacted immunochemically with antiserum against the 59 KD carboxylesterase. Olfactory regions were much more intensely stained than either the respiratory regions of the nasal mucosa or the epithelium of the ventral meatus (Figure 1) . No immunostaining was observed in the most superficial keratinized cells of the squamous epithelium (KC) (Figure 2B ). How- cells uniformly showed weak to moderate staining, while some basal cells (BC) (Figure 2B ) also contained the carboxylesterase. In the absence of anti-carboxylesterase serum (omission of anti-carboxylesterase or substitution of pre-immune serum), however, no staining was visible in any portion of the tissues lining the nasal cavity (Figures lA, 2A, 2C, and 2E) .
Within the respiratory epithelium, immunostaining was most intense in ciliated columnar cells (CC) (Figure 2D ). This cell type in the respiratory mucosa of the nasoturbinates, as well as the septum, was reactive with the anti-59 KD carboxylesterase serum. Goblet cells (GC) (Figure 2D) showed staining of the basal cytoplasm but no immunoreactivity in the apical secretory portion of the cell. Mucous overlying the epithelium did not bind the anti-carboxylesterase.
Basal cells of the respiratory epithelium were weakly immunoreactive for the 59 KD carboxylesterase (BC) (Figure 2D ). In addition, low-intensity staining for carboxylesterase was present in cell bodies of seromucous glands within the lamina propria of the respiratory mucosa (not shown).
Sustentacular cells (SC) (Figures 2F and 2G) were the most intensely stained of the several cell types comprising the epithelium of the olfactory mucosa. Both the apical (luminal) and basal (extending towards the lamina propria) portions of sustentacular cell cytoplasm contained carboxylesterase. In contrast, olfactory sensory cell bodies (neurons) were uniformly lacking in carboxylesterase content (ON) (Figures 2F and 2G) . Some basal cells showed weak staining for the 59 KD carboxylesterase. The lumen of transepithelial excretory ducts of Bowman's glands (BD) ( Figure 2G ) did not contain carboxylesterase, although a few of the cells comprising the duct walls were moderately carboxylesterase positive. Dendritic processes of olfactory sensory cells (OD) ( Figure 2G) were unreactive with the anti-carboxylesterase serum. Within the lamina propria of the olfactory mucosa, cells of Bowman's glands (BG) were intensely carboxylesterase positive ( Figures 2F and 2G ). Unmyelinated olfactory nerve bundles (NB) ( Figure 2F ) and elements of the subepithelial Msculature were, however, carboxylesterase negative ( Figure 2F ).
Discussion
The results of our investigation demonstrate for the first time that nasal esterase activity in the rat is partially attributable to the presence of the 59 KD form of carboxylesterase. Carboxylesterase activity in the nasal mucosa is of considerable importance in inhalation toxicology because it mediates the toxicity of a variety of commonly encountered chemicals. For example, Dah1 and co-workers (4) estimated that rats have carboxylesterase activity sufficient to completely metabolize phenyl acetate, at concentrations as high as 250 ppm, during a single pass through the nasal cavity. Morris (lo), assessing the nasal deposition of ethyl acetate in surgically isolated upper respiratory tracts in situ, concluded that deposition efficiency ranged from 10-35% (50-800 pg ethyl acetatelliter of inspired air) and carboxylesterase metabolized as much as 65Oh of the deposited chemical. The data for the dibasic esters were even more striking; at near-physiological inspiration rates, deposition exceeded 98% (50-100 pg estedliter) and almost all of this chemical burden was removed via carboxylesterase-mediated metabolism (11) . Although such capacity serves to protect the trachea and lung during certain chemical exposures, it renders the nasal mucosa vulnerable to toxicity. For example, the toxicity of the dibasic esters, and presumably of other esters such as ethyl acrylate and propylene glycol monomethyl ether acetate, depends on ester bond hydrolysis by carboxylesterase (16) . Therefore, the high specific activity of carboxylesterase in nasal mucosa (3, 4, 10, 11, 15) and the large exposed mucosal surface contribute to high rates of metabolism of inhaled chemicals by nasal tissues. It appears that carboxylesterases, and perhaps other toxicologically significant enzymes such as the cytochromes P450, are sufficiently resistant to the mild decalcification and embedding conditions employed in this work to be examined immunochemically in formalin-fixed archival specimens, provided that tissues are processed as described here after relatively brief formalin fixation. Retrospective analysis of this type in toxicological studies is especially attractive at this time as concern for prudent management of animal resources grows. In addition, an immunohistochemical method for carboxylesterase localization is of special utility in studies with tissues composed of heterogeneous cell populations, such as the nasal mucosa.
One portion of the nasal mucosa, the olfactory region, is particularly susceptible to the toxicity of a number of substrates for carboxylesterases. Previous studies dealing with both the catalytic activity and the histochemically defined distribution of nasal mucosal esterases have shown that the olfactory epithelium contains higher carboxylesterase activity than the respiratory epithelium (3, 16) . These studies, however, have not defined the specific form(s) of the enzyme responsible for this activity. It is known that carboxylesterases are expressed as a family of enzymes with variation in substrate specificity, electrophoretic mobility, and immunochemical attributes (7, 13) . The 59 KD protein targeted by the antiserum employed in our study has been characterized as a carboxylesterase by amino acid sequence, catalytic activity towards p-nitrophenyl acetate, and electrophoretic mobility (14) , and is apparently identical to the esterases identified previously as E1 and ES-8/ES-10 (12) . Furthermore, the enzyme is preferentially localized in regions of the olfactory epithelium (i.e., Bowman's glands) immediately adjacent to olfactory neurons, which are the target cells for ester-induced toxicity (8, 9) . Since the olfactory neurons are devoid of carboxylesterase activity (as defined both by our method and by histochemistry with a-naphthyl butyrate), it is hypothesized that the toxic, acidic metabolites of the esters act on the sensory neurons after diffusing from cells of Bowman's glands (3).
The availability of an immunochemical method for carboxylesterase localization makes feasible a variety of studies of importance in the evaluation of the health hazards of industrial chemicals. For instance, interspecies comparisons, with attention to evaluation of health risks for ester-exposed humans, would be of great interest given that the in vitro activity of nasal carboxylesterase varies almost eightfold among dogs, rabbits, mice, and rats (15) . Furthermore, rats and hamsters in vivo differ considerably in the nasal mucosal deposition and rate of metabolism of esters (10) . Little is known of human nasal carboxylesterase activity or localization. This technique can also be used to address questions regarding the existence of multiple carboxylesterases in nasal tissue. For example, in rat the ducts of Bowman's gland are apparently devoid of the 59 KD carboxylesterase, although these structures contain a-naphthyl butyrate e s t e r s (3). Although)-nitrophenyl butyrate and a-naph-thy1 butyrate are substrates for the same carboxylesterase in nasal tissues of the rat, these esters are metabolized by two distinct esterases, on the basis of kinetic data from human nasal tissue (6) . Discrepancies such as these point out the possibility of interspecies variation in distribution and activity of carboxylesterase isoforms. Given this likelihood, extrapolation of ester toxicity data between animal species or from laboratory animals to humans may be misleading, dependent on the localization and activity of nasal carboxylesterases. Appropriate human hazard evaluation for esters, such as propylene glycol monomethyl ether acetate, must consider information on the comparative localization and substrate specificities of carboxylesterases in human tissues. 
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